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Fourteen patients, aged 1 month to 13 years, with con-
genital semilunar valve stenosis (11 pulmonary and 3
aortic) were studied for orifice area quantification cal-
culated from a Doppler echocardiographicequation: Area
= SV/0.88 x V2 x VET, where SV = stroke volume,
V2 =maximal velocity and VET =ventricular ejection
time. Results from individual measurements used in this
formula and derived area were compared with individ-
ual results from cardiac catheterization and valve area
derived from the Gorlin formula.
Ventricular ejection time by cardiac catheterization
ranged from 0.17 to 0.44 second (mean ± standard
deviation [SD]0.27 ± 0.09), and by Doppler study from
0.20 to 0.41 second (mean ± SD 0.29 ± 0.06) (r =
0.65, standard error of the estimate [SEE] = 0.03, y =
0.149 + 0.528x). Pressure gradient by catheterization
ranged from 30 to 125 mm Hg (mean ± SD 56.6 ±
33.1), and by Doppler study from 17.6 to 100 mm Hg
(mean ± SD 46.8 ± 27.9) (r = 0.91, SEE = 8.8, y =
1.23 + 0.904x). Stroke volume was measured by Dop-
pler study simultaneously with cardiac catheterization
in nine patients; results at cardiac catheterization with
thermodilution measurements (cardiac outputlheart rate)
Aortic and pulmonary valve stenosis has been noninvasively
detected in patients by a variety of echocardiographic tech-
niques that enable qualitative observations of valve images,
thickening of ventricular walls and alterations in function
(1-5). Doppler echocardiography has been used to diagnose
the presence of semilunar valve stenosis by detection of
flow disturbances in the aorta or pulmonary artery (6-8),
and more recently, the pressure gradient across a stenotic
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ranged from 5.5 to 53.4 cc (mean ± SD 24.7 ± 20),
and by Doppler study from 5.8 to 46.9 cc (mean ± SD
23 ± 18) (r = 0.96, SEE = 3.5).
Area quantification was performed in two ways. In
Group 1, heart rate-matched stroke volumes from car-
diac catheterization were used in the derived equation
for Doppler study (all patients). In Group 2, the stroke
volume used was that obtained by Doppler study, which
was performed simultaneously with cardiac catheteriza-
tion (nine patients). Results for Gorlin formula area
quantification in Group 1 ranged from 0.05 to 1.42 em!
(mean ± SD 0.41 ± 0.36), and for the Doppler-derived
equation in this group from 0.05 to 0.91 em' (mean ±
SD 0.32 ± 0.25) (r = 0.90, SEE = 0.08, Y = 0.053 ±
0.665x). When results were compared in the simulta-
neously studied patients, catheterization (Gorlin for-
mula)-calculated areas ranged from 0.05 to 1.424 em-
(mean ± SD 0.52 ± 0.42), and for the Doppler-derived
equation, areas ranged from 0.06 to 0.97 em? (mean ±
SD 0.35 ± 0.29) (r = 0.94, SEE =0.07, Y = 0.037 ±
0.656x).
This study shows that accurate quantification of ste-
notic semilunar valve orifice areas can be made by Dop-
pler echocardiography.
valve has been reliably predicted by quantitative Doppler
echocardiographic techniques (9-13).
Holen et al. (9) used Doppler echocardiography to quan-
tify mitral valve area in patients with mitral stenosis, but,
to date, no Doppler studies have been performed to evaluate
the orifice areas of stenotic aortic or pulmonary valves. The
purpose of this study was to assess the accuracy of Doppler
echocardiography for prediction of semilunar valve areas in
patients with stenosis by use of a formula for Doppler echo-
cardiography and to compare it with the Gorlin equation
(14) for cardiac catheterization-derived area determination.
Measurements obtained by Doppler echocardiography for
area calculation were compared with data obtained at cardiac
catheterization.
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Methods
Patients. Fourteen patients with congenital semilunar
valve stenosis (II with pulmonary stenosisand 3 withaortic
stenosis) ranging in age from I month to 13 years, consti-
tuted the study group. The patients were prospectively eval-
uated by Doppler echocardiography during their catheter-
ization admission and represent all patients with semilunar
stenosis who underwent catheterization during the time of
the study.
Cardiac catheterization. Percutaneous cardiac cathe-
terization was performed with patients in the awake state
after sedation with meperidine (I to 2 rug/kg), pentobarbital
sodium (I mg/kg) and chlorpromazine (0.5 mg/kg). Pres-
sures were measured by fluid-filled catheters coupled to a
Gould Statham P23dB transducer during pullback across
either stenotic semilunar valve.
Cardiac output was determined by the thermodilution
technique. At least three determinations were made and
mean cardiac output was then computed.
Ventricular ejection time was calculated by measuring
the superimposed pulmonary artery and right ventricular
tracings or aortic and left ventricular tracings matched for
heart rate. Tracings were measured with a digitizing pad
coupled to an Apple II+ computer using a dedicated soft-
ware program (Biodata Inc.). At least IO complexes were
measured and the mean was designated as ventricularejec-
tion time. Systolic ejection period was obtained by multi-
plying this time by the heart rate.
Peak and mean pressure gradients were measured with
the same system. Heart rate-matched pulmonary artery-right
ventricle or aorta-left ventricle pullback tracings were mea-
sured directly for peak gradient and the difference was mea-
sured by planimetryand dividedby ejectiontime to compute
mean gradient measurement. Area of the stenotic orifice
was then calculatedfrom data obtained at catheterization by
the Gorlin formula (14):
A = F/(e x 44.5v'[P,PzJ).
where A = area, F = flow (CO/SEP), C = empiralorifice
constant (1.0 for aortic and pulmonary valve), CO = cardiac
output, PtPZ = pressure gradient and SEP = systolic ejec-
tion period.
Ultrasound technique. Routine two-dimensional echo-
cardiographic examination (5,15) was performed in all pa-
tients. At the time of cardiac catheterization, nine patients
had simultaneousDopplercardiac output and valvepressure
gradient determinations. The remaining patients had Dop-
pler valve pressure gradient determination within 24 hours
of cardiac catheterization.
Two commercially available two-dimensional systems were
used in this study. The Electronicsfor Medicine/Honeywell
system is a pulsed Doppler device that uses either a 3.5 or
5 MHz transducer. With either transducer, Doppler inter-
rogation was performed at 3.5 MHz as the transducer was
mechanically swept through a 75° arc. An electronic cursor
can be set to stop the transducer along any line of the sector
for Doppler sampling. The Doppler sample volume can be
electronically range-gated at any depth along the cursor.
The angle between pulmonary flow direction and Doppler
samplingwas formed by the cursor line and the vessel wall.
Accurate Doppler sampling was confirmed by listening to
the audio output of the Doppler signal and evaluationof the
spectral waveforms. The fast Fourier transform was deter-
mined 200 times/s and was automatically converted by the
instrument to flow velocity in cm/s. Maximalnonambiguous
velocity determination was 143 cmls at the ranges used in
the study group. Because zero could be allocated to the top
or bottom, it was possible to measure 286 cm/s without
aliasing. A recent adaptation that increased the pulse rep-
etition frequency of this instrument allowed velocity sam-
pling up to 500 cm/s.
The second instrument used in this study was an Irex
system witha Pedof (VingmedA/S) Dopplersystem, which
provided both pulsed and continuous wave Doppleroutputs
at 2.5 MHz, permittingmeasurement of maximal velocities
up to 600 cmls (Irex system IlIA).
In patients with pulmonary stenosis, peak velocities were
obtained from precordial interrogation of the main pulmo-
nary artery from the short-axis two-dimensional plane. In
aortic stenosis, peak velocities were obtained from supra-
sternal interrogation of the ascending aorta.
Measurements and calculations. The following data
were obtained from Doppler studies (a minimum of 5 and
maximum of IO beats were measured and averaged):
I) Ventricular ejection time was determined from the onset
of the flow velocity curve to its return to baseline (Fig.
I) .
2) Maximal velocity (Vz) was defined as the peak of the
Doppler velocity curve. Pressure gradient (PIPZ) was
calculated from maximal velocity according to a previ-
ously described equation (10):
(P tPz) = 4 v>.
3) Stroke volume : Because none of the patients had an in-
tracardiac shunt, data from valve sites other than the
stenotic one were used for flow computations. Previously
describedtechniques(16,17) were used for computations
of flows across mitral, pulmonary or aortic valves. Tri-
cuspid transvalvular flow was computed by taking the
area and Doppler velocity from the apex four chamber
view and computing transvalvular flow. Cardiac output
was divided by heart rate to obtain mean stroke volume.
4) Valve area: The formula for valve area computed by
Doppler echocardiography used in this study was:
A = SY/(O.88 X Yz x YET),
where SV = stroke volume in cc', VZ = peak velocity in
cm/s and VET = systolic ejection time in second. (See
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Appendix for theoretical considerations that were used for
development of this formula.)
Stroke volume values for the Doppler area formula were
obtained from two separate methods to provide a cross-
check for reliability. In Group 1, stroke volume was derived
by dividing thermodilution derived cardiac output by the
heart rate (those data were available for all 14 patients) and
in Group 2, stroke volume was obtained by Doppler echo-
cardiography (see previously). These values were available
for the nine patients who had simultaneous Doppler ex-
amination and cardiac catheterization.
Data analysis. Correlation, linear regression analysis and
paired t testing were used to compare Doppler and cathe-
terization data.
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Table 1. Clinical and Catheterization Data in Patients With Semilunar Valve Stenosis
Pressures
(mm Hg) Flow
HR P,P2 P,Pz VET CO SV
Case Dx Age (yr) SA (rrr') (beats/min) RV PA (peak) (mean) (seconds) (liters/min) (cc) F(CO/SEP)
I PS 3/ 12 0.31 103 50/4 20/ 12- 14 30 18.5 0.220 1.050 10.2 46 . I I
2 PS 4/ 12 0 .29 163 52/5 18/ 10- 12 34 18.6 0 . 180 2. 160 13.3 73.77
3 PS 2 11/ 12 0 .48 118 55/5 25/10- 15 30 21.9 0 . 194 1.990 16 .9 86.9 1
4 PS 13 3/12 1.53 112 45/1 1 14/8- 10 31 23.4 0.3 42 5.980 53.4 155.40
5 PS I 5112 0.45 137 49/5 1917- 11 30 25.0 0 .259 1.200 8.8 33.76
6 PS I 8/ 12 0.47 115 56/8 24/ 13- 16 32 27. 1 0.265 1.350 11.8 44 .26
7 PS 5 0 .75 77 48/5 12/5- 7 36 29.4 0 .303 2.5 10 32.6 107 .72
8 PS 9 9/ 12 1.15 8 1 100/ 10 20/8- 12 80 46.8 0 .442 3.300 40 .2 91.69
9 PS 8/ 12 0.33 112 110115 20/ 15- 17 90 57.0 0 .311 0.620 5.5 17.73
10 PS II 11/12 1.05 77 140/10 15/8- 10 125 68.3 0.434 3.120 40 .5 93 .04
II PS 1/12 0.21 144 140/8 28/12-17 112 72. 0 0 .221 1.827 12.8 57 .57
LV Ao
12 AS 99/ 12 1.09 88 14411 0 108/80-90 36 11.4 0 .250 4.4 20 5 1.4 213.0 1
13 AS 15 1.44 1\ 5 170112 110170-84 60 45 .5 0 .203 5.700 49.6 243 .32
14 AS 3112 0 .27 157 13511 7 68/50-56 67 64.4 0 . 174 1.500 9 .6 54.78
Ao = aorta; AS = aortic stenosis; CO = cardiac output: Dx = diagnosis; F = cardiac output/systolic ejection period; HR = heart rate; LV =
left ventricle; PA = pulmonary artery; P,P2 = pressure gradient; PS = pulmonary stenosis; RV = right ventricular: SA = body surface area; SEP =
systolic ejection period; SV = stroke volume; VET = ventricular ejection time.
Results
Cardiac catheterization and Doppler study results
(Tables 1 and 2). Ventricular ejection time (Fig . 2). At
cardiac catheterization this variable ranged from 0.17 to
0.44 second (mean ± standard deviation [SD] 0.27 ±
0.09); by Doppler study it ranged from 0.20 to 0.4 1 second
(mean ± SD 0.29 ± 0.06), (r = 0.65, standard error of
the estimate [SEE] = 0.03), where y = 0.149 + 0.528x
(best fitting straight line model).
Pressure gradient (Fig. 3). As determined by catheter-
ization this variable ranged from 30 to 125 mm Hg, mean
± SD 56.6 ± 33. 1; by Doppler study. it ranged from 17.6
Table 2. Doppler Data
to 100 mm Hg (mean ± SD 46.8 ± 27.9), (r = 0.91,
SEE = 8.8), where y = 1.234 + 0.804x .
Stroke volume (Fig. 4). As determined at cardiac cath-
eterization and corrected for heart rate, this variable ranged
from 5.5 to 53.4 cc, mean ± SD 24.7 ± 20; and results
determined by Doppler echocardiography in the nine pa-
tients who had studies performed simultaneously with car-
diac catheterization ranged from 5.8 to 46.9 cc (mean ±
SD 23.0 ± 18.0). When these values were compared with
catheterization-derived stroke volume, correlation was high
(r = 0.96, SEE = 3.5) (Fig. 4).
CO SV
(literslm) (cc)
1.592 11.7
1.999 13.57
1.955 20.7
4 .274 44 .9
1.252 9.9
HR VET Max Vel PIPZ
Case (beats/min) (seconds) (cm/s) (mm Hg)
I 149 0 .204 300 36.0
2 158 0 .287 220 19.4
3 94 0 .270 210 17.6
4 95 0 .308 260 27.0
5 125 0.230 290 33.6
6 110 0 .3 10 280 JI.4
7 78 0 .352 270 29.2
8 80 0 .409 390 60 .8
9 113 0 .3 12 390 60 .8
10 80 0.365 500 100.0
I I 182 0 .232 500 100 .0
12 91 0 .300 2 10 17.6
13 87 0 .260 3S0 57 .8
14 125 0 .256 400 64. 0
0 .720
1.074
4 .677
4 .086
6.36
5.8
46 .8
46 .9
CO = cardiac output; HR = heart rate; Max Vel = maximal velocity; P,P2 = calculated peak pressure gradient; SV = stroke volume; VET =
ventricular ejection time. .
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Figure 2. Correlation and regression line analysis of systolic ven-
tricular ejection time (SET) by Doppler echocardiography versus
ventricular ejection time by catheterization (CATH). r = corre-
lation coefficient; see = standard error of estimate.
Figure 3. Correlation and regression line analysis of pressure
gradient (P,-P2) by Doppler echocardiography versus pressure gra-
dient by catheterization (CATH). Abbreviations as before.
Valve area (Table 3. Fig. 5). In Group I (14 catheter-
ization patients), area by Gorlin formula ranged from 0.05
to 1.42 CIll2 (mean ± SD 0.41 ± 0.36); by Doppler-derived
formula it ranged from 0.05 to 0.91 ern? (mean ± SD 0.32
± 0.25). Correlation between area by the Gorlin and the
Doppler formula was r = 0.90 and SEE = 0.08, where y
= 0.053 ± 0.665x (Table 3, Fig. 5).
In Group 2 (nine patients, Doppler study simultaneous
with catheterization), catheterization area by Gorlin formula
ranged from 0.05 to 1.42 crrr' (mean ± SD 0.52 ± 0.42);
by Doppler-derived formula it ranged from 0.06 to 0.97
ern? (mean ± SD 0.35 ± 0.29), (r = 0.96, SEE = 0.07),
where y = 0.037 + 0.656x (Table 3, fig. 6).
Discussion
This study demonstrates that valve area in patients with
aortic and pulmonary stenosis can be calculated accurately
from Doppler measurements. Our results show a high cor-
relation between Doppler- and catheterization-calculated area.
A similar study of mitral valve area by Holen et a1. (9)
demonstrated that the area of the mitral orifice could also
be calculated using Doppler echocardiography. In that study,
the transmitral valve flow was obtained from catheterization
and this valve was then divided by mean Doppler flow
velocity to obtain the valve area. However, when we math-
ematically derived the Doppler area formula for aortic or
pulmonary valve stenosis (see Appendix), we found that
peak velocity, which can be measured much more easily
Figure 4. Correlation and regression line analysis of stroke vol-
ume (SY) by Doppler echocardiography (nine patients) versus
stroke volume by catheterization. Abbreviations as before.
Figure 5. Correlation and regression line analysis of valve area
quantification by Doppler-derived maximal velocity and ventric-
ular ejection time and catheter-derived stroke volume versus area
quantification by catheterization (Group I, 14 patients). Abbre-
viations as before.
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Area calculations by catheterization and by Doppler equations. Area
by Doppler with Max Vel and VET = area by Doppler technique using
maximal velocity and ventricular ejection time variables obtained by this
technique and stroke volume from catheterization; area by Doppler (all
data) = area by Doppler technique with all variables obtained by this
technique.
Table 3. Areas
Figure 6. Correlation and regression line analysis of areaderived
from Doppler quantification using all variables versus area by
simultaneous catheterization (Group 2, ninesimultaneously studied
patients). Abbreviations as before.
Case
I
2
3
4
5
6
7
8
9
10
II
12
13
14
Area by
Catheterization
(crrr')
0.24
0.38
0.42
0.72
0.15
0.19
0.45
0.30
0.05
0.25
0.15
1.42
0.81
0.15
Area by
Doppler
(Gorlin Formula) With
Max Vel
and VET (crrr')
0.19
0.24
0.33
0.75
0.24
0.15
0.39
0.29
0.05
0.25
0.12
0.91
0.58
0.11
Area by
Doppler
All Data (crrr')
0.21
0.24
0.41
0.63
0.17
0.06
0.06
0.84
0.55
1.5
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Two physical equations were combined for area calcu-
lation by the Gartin formula (14):
A modification of the Bernoulli equation has been used to
allow Doppler prediction of transvalvular pressure gradient
across stenotic valves (9, 10):
4)
3)
5)
6)
1)
2)
F = Cc x A x Y.
y 2 = Cv2 x 2gh.
A = F/(Cc x V).
Substituting equation 2 for V,
A = F/(Cc x Cv x V2gh).
where P1P2 is transvalvular pressure gradient, pb is mass
density of blood (1. 06 X 103 kg/rrr') and V2 is the maximal
jet velocity (measured by Doppler echocardiography) after
the obstruction.
To express pressure gradient as height of a column of
water, the following equation can be used:
Equation I relates flow (F) to orifice area (A) and the ve-
locity of flow (V) corrected by the coefficient of orifice
contraction (Cc), and equation 2 relates velocity (V) to a
pressure gradient transformation expressed as height (h) of
a column of water corrected by the coefficient of velocity
(Cv2) ; g = gravity acceleration which is necessary for con-
version of height to pressure.
Rearranging equation I,
Appendix
The equation used in this paper for Doppler-derived ste-
notic semilunar valve area calculation was developed as
follows:
than mean velocity, also permitted accurate calculation of
stenotic aortic and pulmonary valve areas.
Limitations of study. Potential problems in the use of
this Doppler valve area equation include:
1. Ventricular ejection time. The lowest correlation was
found in this measiJrement, probably because of difficulties
in measuring end-systole in the Doppler velocity wave trace
when high poststenotic flow disturbance is present.
2. Stroke volume. Errors in quantification can be en-
countered when visualization of vessel or valve area by two-
dimensional echocardiography is suboptimal or when the
angle of sampling and blood flow are not near 0 or I 80 0 .
When the structures are clearly visualized, they can easily
be measured, as in this prospective study or in previous
studies (16,17), and stroke volumes measured by Doppler
and invasive methods correlate highly (r = 0.96, SEE =
3.5) (Fig. 4).
3. Maximal velocities. Maximal poststenotic flow veloc-
ities can be underestimated unless the Doppler sample is in
correct alignment with the poststenotic flow jet.
Thus, added to the quantitative capabilities of Doppler
echocardiographic measurement of stroke volume, cardiac
output, pulmonary to systemic flow ratio and transvalvular
gradient is an accurate estimation of stenotic semilunar valve
areas that is now possible.
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The equation for Doppler-predicted pulmonary or aortic
valve area can then be expressed as:
